T he rate of erosive progression in rheumatoid arthritis (RA) is highly variable, and this disease ranges from a mild, indolent form to a rapidly disabling, erosive form that may result in patients requiring joint replacement or fusion within a few years of onset. 1 Bone oedema is detectable on magnetic resonance imaging (MRI) scans as early as 9 weeks from the onset of symptoms 2 and is a predictor of radiographic joint damage 3 and physical function 4 in RA patients. A recent study revealed bone oedema to reflect severe disease status in patients with early-stage RA. 5 These findings imply that bone oedema represents a fundamental part of the articular pathophysiology of RA and suggest it is most likely to be localised where active bony destruction is occurring.
Reports are now emerging, describing a cellular infiltrate or ''osteitis'' involving subchondral bone as the histopathological correlate of MRI bone oedema in RA. 6 Some of these cells are contained within invading synovial tissue, and some are within lymphocytic aggregates. These findings were first reported in the early 1980s by Barrie et al, who described osteitis in 35% of patients undergoing metatarsal head resection. 7 More recently, Bugatti et al 8 published a similar immunohistochemical study of RA joints and found lymphoid aggregates, often associated with osteoclasts, on the subchondral side of the joint in established RA. Furthermore, Proulx et al have now reported a close correlation between MRI bone oedema and a cellular infiltrate within subchondral bone in an animal model of RA. 9 It has been proposed that this cellular infiltrate, visualised as bone oedema on MRI scans, could represent an important part of the immunopathology of RA, separate to but often occurring with synovial inflammation. 10 The current study was designed to investigate whether MRI bone oedema was present at the site of surgery in RA patients undergoing joint replacement or fusion and whether it corresponded with the presence of osteitis in specimens of subchondral bone that might be resected.
PATIENTS AND METHODS

Patient population and clinical assessments
From February 2005 to December 2006, 11 patients fulfilling criteria for RA, 11 scheduled for orthopaedic surgery to the hands/wrists or feet, were recruited from the Auckland region according to local ethics committee requirements. Clinical assessments and MRI scans were performed, 1-2 days prior to surgery. Surgeons were unaware of MRI findings when deciding the area for surgery. Patients were assessed using 66 tender and 68 swollen joint counts, pain score, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) and 3-variable disease activity score (DAS), 12 on the MRI scan day. Pre-and postoperative radiographs were obtained.
Definition of the surgical field
Any resected bone was included within the surgical field. Where joint fusion was performed, bone sites on either side were included. Where joint replacements were performed, bone proximal and distal to the joint was included. The same procedure was followed for defining whether joints lay within the surgical field.
MRI
Preoperative MRI scans were obtained using a 1.5-T scanner (Siemens) with dedicated extremity coil. Sequences were: coronal and axial T1-weighted (T1w), axial T2-weighted (T2w) fat-suppressed (FS) fast spin echo, coronal T1w FS post gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA), axial FS T1w post-Gd-DTPA. The field of view was localised to the surgical field (14 to 2463 mm slices, specifications on request) where 2-plane information was available. Outside the surgical zone, 1-plane (coronal T1w and T2w sequences) information was available.
Scoring MRI scans
Part 1
MRI scans from 9 patients entered into Part 1 of the study were scored separately using the Outcome Measures in Rheumatology (OMERACT) RAMRIS system 13 for synovitis, bone oedema and erosion by 2 rheumatologists, experienced in assessing MRI images of RA joints, from different institutions. One observer was blinded to the history of intended surgery. The number of bony sites assessed for bone oedema and erosion at the wrist, hand and foot were 15, 33 and 42. Similarly, 3, 14 and 23 sites were assessed for synovitis, respectively. Data comprised mean scores for the 2 readers. Two analyses examined the influence of missing data. First, where one reader did not score a site because of distortion of anatomy or artefact, data from the one active reader were used. Second, this site was disqualified and not incorporated into the analysis. Results did not differ (data available on request), and the first analysis is presented here.
Part 2
For the comparison between MRI findings and histological features of resected bone specimens, bone oedema was scored again from the preoperative MRI scans of 2 of the original 9 patients and another 2 patients who had been recruited subsequently. Two different readers (AD and BC), who were blinded to clinical and histopathological data, were introduced as the 2 original readers were unblinded by this stage. A modified system for scoring MRI bone oedema was introduced to capture intensity as well as the extent of its distribution in the localised region where bone was subsequently resected. The spatial extent of bone oedema was scored as follows: 0, 1, 2, 3 as per 0 (none), 1, (33%, 2, 34-66% and 3, 67-100% of involved bone, based on RAMRIS. 13 The intensity of bone oedema was scored as follows: Grade 0 = none, Grade 1 = mild to moderate, Grade 2 = intense. The spatial and intensity scores were multiplied to give a final score (maximum possible = 6 per site). In 3 patients, bone oedema could be assessed from T2w images. However, in 1 patient (patient No 10), MRI scan data were incomplete as fat saturation on T2w images was unsuccessful. The presence/absence of bone oedema on the preoperative MRI scan from this patient was determined by the scoring radiologists from appearances on pre gadolinium T1w images (bone oedema appears as low signal) and the corresponding postcontrast T1w images where bone oedema appears as a high signal. 14 
Histological studies
A total of 7 bone specimens from 4 patients were available for histological analysis. Two samples were from 2 of the original 9 patients recruited (patients 6 and 7), and 2 were from new patients recruited to this part of the study (patients 10 and 11). For the latter 2 patients, bone oedema data were not analysed for surgical-site association, as recruitment occurred after the original analysis had been performed (and readers were unblinded). Bone samples were fixed in neutral buffered formal-saline, demineralised at room temperature in 10% formic acid for 1 week and embedded in paraffin. Three consecutive 3-micron sections were made 150 microns apart. Sections were mounted on glass slides and stained with haematoxylin and eosin. Specimens from patients 10 and 11 were sectioned in the coronal plane. The bone specimen from patient 6 (medial eminence of 1st metatarsal head) was sectioned parallel to the largest surface area. Information regarding the plane of section was not available for samples from patient 7. The pathologist (AK) reported the histology of the bone specimens blinded to MRI data.
Statistical analysis
Intraclass correlation coefficients (ICCs) were calculated for interobserver reliability of MRI scores. Scores from the 2 observers were averaged and analysed as ordinal variables, using a multinomial model. Generalised linear models were used to determine whether synovitis, bone erosion and bone oedema were more likely to be present at surgical than nonsurgical sites and whether increasing scores were associated with increasing likelihood of the site being surgical. Bone oedema and erosion data were dichotomised using cutoff points of >1.5 for oedema (range 0 to 3) and >4 for erosion (range 0 to 10). Regression models were used to investigate whether high-grade bone abnormalities were more likely within the surgical field. Pearson's correlations were calculated to assess the association between bone oedema (mean score across all sites for each patient) and scores for pain and CRP. Table 1 summarises demographics, medications, disease activity and orthopaedic procedures in the 11 patients recruited. Patients 1-9 were included in Part 1 of the study investigating the association between bone oedema and surgical site. Bone was available from patients 6, 7, 10 and 11 for histopathological correlation (Part 2). All patients were Caucasian, apart from one Indian female, and 9 were seropositive. Most had longestablished disease with a median disease duration of 24 years (range 6 to 43 years). Part 1. Investigating the association between MRI bone oedema and site of surgery MRI scans were initially available for 9 patients (table 1, patients 1-9), and these data were used to investigate whether bone oedema was more commonly found within the surgical zone than outside this region. Two observers scored scans for bone oedema, synovitis and bone erosion in a blinded fashion using the RAMRIS system. Inter-observer reliability for MRI scoring ICCs for inter-observer reliability were 0.51 for bone oedema, 0.68 for erosion and 0.60 for synovitis, indicating moderate reliability despite advanced joint destruction and presence of artefact in several instances.
RESULTS
Demographics
Bone oedema, erosion and synovitis were more common within the surgical field For each patient, sites within the surgical field were assessed for erosion, bone oedema and synovitis. The median number of bone sites within the surgical field was 6 (range 2 to 11), while the number of sites outside was 20 (6 to 32). Bone oedema, erosions and synovitis were present at 60%, 75% and 70% of surgical and 38%, 41% and 31% of non-surgical sites, respectively. Higher degrees of bone oedema were found with increasing likelihood at surgical compared with non-surgical bone sites (OR = 3.12 (1.96 to 4.97) p,0.0001) and the same applied to bone erosion to a lesser extent (OR = 1.28 (1.11 to 1.47) p = 0.0006). High scores for synovitis were also more common at joints within the surgical field (OR = 2.45 (1.5 to 4.5), p = 0.0005).
High-grade MRI bone oedema was found frequently within the surgical field
In several patients, there was extensive bone oedema exactly at the site of intended surgery on the preoperative MRI scan. Examples are shown for patients 8, 6 and 4 in fig 1 (A-I) . For patient 4, a sagittal T2w MRI image is shown to illustrate bone oedema involving the base of the middle phalanx (panel I), as a coronal T2w view was not available. However, a coronal T1w postcontrast VIBE image also confirmed bone oedema at this site (available on request). Regression analyses using cutoff points of >1.5 for bone oedema (score 50% of maximum or greater) and >4 for erosion (score 40% of maximum or greater) revealed that high-grade bone oedema was very likely to be present at a surgical site, with an odds ratio (OR) of 9.3 (3.5 to 24.2), p,0.0001. High degrees of bone erosion were associated with surgical site to a lesser degree; OR = 4.1 (1.4 to 12.0), p,0.0097. Bone oedema scores were correlated with pain scores in these patients (r = 0.67, p = 0.048) and strongly correlated with CRP (r = 0.86, p = 0.01).
Part 2. Comparing MRI bone oedema with histology
Seven bone samples from 4 patients were available for histopathological analysis and comparison with MRI bone oedema from preoperative MRI scans (table 2) .
Scoring MRI bone oedema (resected bony sites only)
Two new readers (AD and BC) who were blinded to clinical details were introduced for the direct comparison between MRI bone oedema and histology, as the original 2 readers were now unblinded. It was also decided to modify the MRI bone oedema scoring system as only small regions were being scored (where bone had been resected), and a score for intensity of bone oedema was added as this was felt most likely to equate with cellular density. The total bone oedema score was the product of scores for its spatial extent and intensity as described in the Methods section. The scores for both readers were identical for every patient except Patient 11 where there was a difference of one point (table 2) . The interobserver reliability ICC for these scores was 0.985.
Comparing MRI bone oedema at resected sites with histopathology
Results are shown in table 2. As the number of histological samples was small, it was decided not to attempt to score these changes, but the pathologist's report (AK) is presented for comparison with the MRI bone oedema scores. In 4 of the 7 samples, there was complete concordance for the presence and severity of MRI bone oedema and the description of osteitis in bone samples. Figures 2a-c show the histopathology and corresponding MRI appearance for 3 of these specimens (patients 6, 7 and 10). In patient 6 (fig 2a) , there was extensive replacement of trabecular subchondral bone by cellular and myxoid tissue. The MRI scan of the resected region (medial eminence of the 1st metatarsal head) was graded as 6 for bone oedema (maximum) by both readers. For Patient 10, 2nd metatarsal head (fig 2b) , there was no bone oedema on the pathological section, and none was scored from MRI scans. For Patient 7 (fig 2c) , there were ''patchy aggregations'' of lymphocytes in the subchondral region, and both radiologists scored bone oedema as present but low positive. The only instances where there was a lack of concordance between a report of osteitis and a positive score for MRI bone oedema was in Patient 10, where all MRI scans were scored as 0, but 3 samples were reported as showing ''slight osteitis''.
DISCUSSION
To our knowledge, this is the first report to investigate the distribution of MRI bone oedema in RA patients selected for reparative orthopaedic surgery. The study was designed to investigate, first, whether bone oedema was present on preoperative MRI scans, in the regions selected for surgery. Second, where bone samples were resected at the time of the operation, we aimed to determine whether preoperative MRI bone oedema was associated with the presence of a cellular infiltrate or osteitis in subchondral bone. Our findings confirmed first that there was an association between the presence of bone oedema and the site of intended surgery. High-grade bone oedema was 9 times more likely to be scored within the surgical field than outside it and was more strongly associated with the site of surgery than MRI bone erosion. As this site was predefined by the orthopaedic surgeon without knowledge of MRI scan results, this suggests an association between factors influencing the site of surgery and MRI bone oedema. The decision to undertake orthopaedic surgery in RA patients can be influenced by cosmetic and functional considerations, but the overwhelming driver is to relieve patients' pain. 15 Traditionally, it has been assumed that pain derives from synovitis, bone erosion or secondary osteoarthritis. Our findings challenge this assumption. While we found synovitis and erosion within the surgical field as expected, the new and surprising observation was that bone oedema was so common and relatively severe. Moreover, the bone oedema score was associated with the pain score as well as the CRP. Bone oedema could be secondary to synovitis and merely indicate ''bone reaction'' to overlying synovial inflammation, 16 but if so, it is surprising that its association with surgical site was so strong and more apparent than with synovitis. A second explanation posits that bone oedema reflects a process of osteitis within subchondral bone that is pre-erosive and occurs separately to, but often in conjunction with, synovitis. 10 This accords with our own observations that bone oedema was the strongest individual predictor of bone damage and functional impairment in an RA cohort where it was detected in 40-60% of patients over an 8-year period and was consistently associated with pain. 3 17 What is the clinical significance of the apparent association between MRI bone oedema and the site of surgery in these RA patients? We feel this lies in the implication that an active, painful and potentially pre-erosive process of osteitis could be occurring in the regions targeted for surgery. If our observation can be verified in other studies, it is not inconceivable that surgeons could in the future use the presence and distribution of bone oedema to decide on the best site for joint surgery aimed at pain relief for the patient. In future studies, it would be very interesting to obtain postoperative MRI scans to see whether bone oedema had regressed where pain was relieved after surgery, and we intend to arrange follow-up scans for our patients to investigate this. We would also suggest that rheumatologists consider the presence of MRI bone oedema as an indicator of active bone disease and a reason to intensify medical management with disease-modifying antirheumatic drugs (DMARDs) or biological therapies, as recent studies have confirmed that bone oedema can be reduced by anti-TNF agents, coinciding with clinical improvement. 18 19 To further explore the possibility that MRI bone oedema represents a cellular infiltrate within the subchondral marrow, we compared scores on preoperative MRI scans with histopathological appearances of bone resected at the time of surgery. Recruitment proved difficult, and over 18 months we were only able to enrol 11 patients. In many of these, anatomically preserved bone samples were not available for analysis due to the surgical technique used (often resulting in shaving or ''morcellising'' bone). This reflects both an overall reduction in surgical interventions in RA patients as described by Weiss et al 20 and a move towards more limited procedures involving less bone resection, particularly in forefoot surgery. 21 In 2 patients from the original 9, suitable samples were available, and 2 further patients were enrolled to extend this aspect of the study. Our results confirmed those of others indicating that MRI bone oedema does correspond with regions where there is a cellular infiltrate replacing marrow fat in subchondral trabecular bone. As described by Jimenez-Boj et al, 6 we found that infiltrates could take 2 forms; first, the extension of synovial tissue through the subchondral plate, which had been breached by an erosion, and second, separate foci of lymphoid cells, which were not associated with erosions. In 4 of the 7 bone samples examined, there was complete concordance between the presence and severity of MRI bone oedema and the degree of osteitis. In 3 samples, where there was no MRI bone oedema observed, only ''slight focal'' osteitis was detected. These findings suggest a ''threshold'' phenomenon for MRI bone oedema as described by Appel et al 22 due to the much greater image resolution of histopathology compared with MRI scanning.
It could be argued that our findings simply reflect the presence of secondary OA in these patients with advanced rheumatoid disease. While OA is likely to be present, the histopathological features of each specimen were typical of RA, ranging from active inflammation to a burnt-out appearance with fibrous pannus. Certainly, MRI bone oedema has been described in OA joints, 23 but in general it tends to be less florid than in the examples shown here. Unfortunately, teasing out the distinction between the bone oedema of RA and that associated with secondary OA is unlikely to be possible in humans as bone specimens are usually only available from patients with advanced disease (disease duration in the majority of our patients was .10 years). However, the work of Proulx et al 9 has indicated that MRI bone oedema corresponds with inflammatory infiltrates in subchondral bone in a TNF-transgenic mouse model of arthritis, and it may be possible to extend those animal studies to investigate early disease.
If osteitis in subchondral bone is part of the pathology of RA, it becomes important to characterise the cells within these foci of inflammation. Bugatti et al described B and T lymphocytes in subchondral lymphoid aggregates and described a correlation between the intensity of this infiltrate and the number of associated osteoclasts. 8 Watson et al described CD45RO T cells and CD20 B cells in germinal centres within subchondral bone in a similar group of RA patients 24 and suggested that these cells were likely to be immunologically active, possibly responding to local antigen. Bollow et al 25 also described cellular infiltrates containing activated lymphocytes and fibroblasts in bone biopsy specimens from sacroiliac joints of patients with spondyloarthropathies. They found that cell counts correlated with the extent of MRI bone oedema. We are currently pursuing immunohistochemical studies of the bone resected from our patients to characterise the phenotype and activation status of cells present within foci of marrow inflammation as well as their association with subchondral osteoclasts. There are a number of shortcomings to this study. Due to small patient numbers, we were unable to stratify data to investigate the possible influence of DMARDs. However, it is significant that none of our patients were on anti-TNF agents, as these have been shown to reduce bone oedema in inflammatory arthritis. 18 19 Ideally, 2-plane MRI information should have been available for all regions scanned. We acknowledge that this may have introduced bias but feel that the association between MRI bone oedema and the site of surgery was so strong that this is still likely to be a real finding. Inter-reader reliability for bone oedema scores in Part 1 of the study was only moderate, and was lower than in some studies using the RAMRIS score 26 but not others. 27 This was not surprising, as some joint regions had been largely destroyed by the rheumatoid process, and artefact was present in several instances. Part 2 of the study was complicated by difficulties obtaining specimens, and in some instances T2w data were not available as fat saturation failed. Bone oedema was therefore scored by both radiologists from T1w pre-and postcontrast images, but in these situations, scores were concordant, lending credence to these results.
In summary, we feel we have presented compelling evidence that MRI bone oedema in RA patients is associated with an inflammatory cellular infiltrate (osteitis) involving subchondral bone. We suggest that this osteitic lesion is painful and possibly associated with ongoing bony destruction, and that is the reason for its over-representation within the surgical field for patients undergoing reparative orthopaedic surgery. Further examination of the cells contributing to this subchondral infiltrate is indicated to better define their role in contributing to rheumatoid bony damage. Submit an eLetter, and join the debate eLetters are a fast and convenient way to register your opinion on topical and contentious medical issues. You can find the ''submit a response'' link alongside the abstract, full text and PDF versions of all our articles. We aim to publish swiftly, and your comments will be emailed directly to the author of the original article to allow them to respond. eLetters are a great way of participating in important clinical debates, so make sure your voice is heard.
